For typhoon warning centers, effective forecasting of tropical cyclone intensity is always required.
INTRODUCTION
To forecast tropical cyclone intensity effectively is one of the most difficult challenges during the life cycle of the cyclone because of the complex physical process, innercore processes, surrounding environments, and underlying ocean water of tropical cyclones. Miller () and Merrill () concluded that how a tropical cyclone forms and intensifies is mainly related to the underlying warm ocean water, but the processes of interactions between tropical cyclones and their environments are poorly understood.
Besides, the partial understanding of rapid intensification and physical mechanisms results in the low skill of the intensity forecasts, and other environmental effects such as vertical wind shear have been demonstrated to have significant impacts on the tropical cyclone development (Merrill ) . Therefore, forecasting the tropical cyclone intensity is always a challenging task. Constructing an ANN-based model needs the selection of suitable inputs and outputs. Proposing a systematic approach to determining effective factors is also an important process. Traditionally, the weather forecasting models were developed only based on the climatological and persistence factors. Elsberry et al. () proved that the useful synoptic information could improve forecast accuracy. Hence, the weather forecasting model such as SHIPS uses the synoptic information and the climatological and persistence factors. Thus, an ANN-based model is developed in this paper for improving forecast accuracy using the climatological and persistence factors with the synoptic information, including oceanic data, atmospheric and typhoon data.
In this paper, a model based on support vector machines (SVMs) is proposed to obtain the 12, 24, 36, 48, 72 h forecasts of tropical cyclone intensity in the western North Pacific, and then the forecasts are compared with those issued by the Joint Typhoon Warning Center (JTWC). JTWC, located in Pearl Harbor, Hawaii, is a joint task force of United States Navy and Air Force. The forecasts of JTWC are based on some dynamic models such as the Global Forecast System and the Climate Forecast System, actual observed atmospheric data, and historical data. The SVM was first proposed by Vapnik (), and the objective function and the optimization algorithm are two particular properties for SVM. By means of the objective function based on the structural risk minimization (SRM) induction principle, the empirical risk and model complexity should be minimized simultaneously. In addition, the optimization algorithm can be quickly solved by a standard programming algorithm in accord with the determination of the architecture and weights that are expressed in terms of a quadratic optimization problem. The SVM has advantages over conventional ANN such as back-propagation network (BPN), which is the most frequently used neural network. The BPN is relatively time-consuming due to their learning procedure and iterative process. Furthermore, the SVM is more robust than BPN since the architectures and the weights of the SVM are guaranteed to be unique and globally optimal.
Due to the aforementioned advantages for SVM, an SVM-based model is proposed in this paper.
THE DATA
Forecasting tropical cyclone track or intensity can be grouped into three categories: (1) empirical model, e.g., climatology, persistence of the past motion, and analogue techniques;
(2) statistical model, e.g., statistical regression using grid-point values; and (3) dynamic model, e.g., a global or regional numerical weather prediction model via various physical processes and mechanisms. Some of them use the synoptic information or the CLIPER predictors Table 1 .
Oceanic data
The SST is obtained from the National Climatic Data Center Atmospheric data are available for 17 pressure levels:
1,000, 925, 850, 700, 600, 500, 400, 300, 250, 200, 150, 100, 70, 50, 30, 20 and 10 hPa. In this paper, the temperature depth is the sum of the temperature differences between the bottom (1,000 hPa) and top (10 hPa) layer (Emanuel ; Schade & Emanuel ) . The relative humidity is the average of the relative humidity values at 1,000-500 hPa. The mixing ratio is the average of the mixing ratios at 1,000-300 hPa. The vertical wind shear is the difference between wind speeds at 850 and 200 hPa (Law & Hobgood ) .
Typhoon data
The best-track data contain typhoon position, speed of the typhoon and maximum 1-min sustained wind speed with a temporal resolution of 6 h. These CLIPER factors are obtained from JTWC. The maximum wind speeds are expressed in knots. As mentioned above, the combination of AMSR with AVHRR products is available from June . Then, the development of cyclone is likely to retain or weaken, even though the water temperature is warm enough. In addition, typhoons making landfall or crossing over land but reaching its maximum intensity are excluded.
Furthermore, some data are excluded from the prediction due to lack of complete forecasting information. Therefore, a total of 83 typhoon events are chosen. The 83 typhoon tracks in the western North Pacific basin are shown in Figure 1 .
Maximum potential intensity (MPI)
The tropical cyclone is a complex dynamic and physical system, and its intensity is affected by its surrounding environments and ocean water underneath the eyewall.
The process of interaction between a tropical cyclone and its environments is poorly understood, therefore, it is very difficult to forecast tropical cyclone intensity by means of physical or numerical concepts which lead to lots of difficulties constructing a physically based model.
However, according to some important factors such as SST, atmospheric data or the surrounding environmental condition, the reasonable upper bound for tropical cyclone intensity (the so-called MPI) can be estimated.
In this paper, the MPI developed by Emanuel (, , ) is used herein. The MPI concept is briefly introduced below.
Emanuel () proposed a unique theory of tropical cyclone structure and development. In the past, the ambient convective available potential energy (CAPE) is an important energy source for tropical cyclone development and maintenance in the majority of models. The CAPE also was used to calculate MPI, but Emanuel () argued that energy exchange between the tropical cyclone and ocean water is more important than the surrounding CAPE. He also hypothesized that source energy entirely extracts from the ocean water. Emanuel () developed an atmospheric model, and assumed that the storm is axisymmetric, in hydrostatic and gradient balance, and the dynamic mechanism is thermodynamically reversible. He assumed the tropical cyclone as a popular simple 'Carnot heat engine'. That is, air with the heat energy 
where ε is the thermodynamic efficiency, T s is the temperature of the heat source (the ocean surface), and T 0 is the average temperature that is exported from the top of the cyclone. In a typical hurricane, ε is about 1/3. The rate of input of available energy for each square meter of sea surface covered by the cyclone is given by:
where G stands for 'generation', C k is a dimensionless coefficient called the enthalpy transfer coefficient, V s is the maximum wind speed, and k Ã o and k a are the enthalpy of the ocean surface and the actual enthalpy of the boundary layer air, respectively.
When mature cyclone intensity reaches a steady condition, the acquired energy almost equals the mechanical dissipation by means of friction acting between the powerful winds and the underlying sea surface within the cyclone. The rate of mechanical dissipation for each square meter of ocean surface is given by
where D stands for 'dissipation', and C D is the drag coefficient. The 'generation' in Equation (2) equals the 'dissipation' in Equation (3). Then, the estimation of MPI is given by
The detailed description about MPI theory can also be obtained from Emanuel's website (Holland & Emanuel ) .
ANALYSIS PROCESS Linear interpolation
In the middle of last century, studies about the upper limit of tropical cyclone intensity were presented ( 
Model construction and performance measures
In this paper, a model based on SVM is constructed to yield the 12-72 h forecasts of tropical cyclone intensity.
The SVM has two parameters: regularization parameter the first input to the proposed model. The CE is given by
where n is the number of observations, I t andÎ t are the fore- In the proposed model, the criterion for selecting a lag length of a certain input factor is the relative percentage error (RPE):
where E(n i ) and E(n i þ 1) are the root mean square error (RMSE) for models with n i and n i þ 1 lag lengths, respectively. Generally speaking, the RMSE decreases with increasing lag lengths. When the PRE is less than 5%, the increase of lag lengths is terminated. For example, a lag length of 3 means data at time t, t À Δt, and t À 2Δt,
where Δt ¼ 6 h, will be used as input. Table 2 summarizes the optimal input combination of the proposed model. As shown in Table 2 
RESULTS AND DISCUSSION
In the first subsection, for all 83 typhoon events, the 12, 24, 36, 48 and 72 h forecasts resulting from the proposed model will be compared with the official forecasts issued by JTWC. In the second subsection, all typhoon events are classified into five categories according to the Saffir-Simpson scale, and the model performance in each category is investigated. In the third subsection, all typhoon events are divided into two types according to the movement of the typhoon, and the model performance of Maximum wind speed
these two types is investigated. Finally, the forecasts of the Table 3 . Table 3 The SD values of the proposed model and JTWC also are presented in Table 3 . The smaller the SD value is, the more robust the forecasting model is. The proposed model yields significantly lower SD than JTWC for the 12-72 h forecasts. This means that the performance of the proposed model is stable and reliable.
As shown in
Forecasting comparison for typhoons of different Saffir-
Simpson scales
In this subsection, these 83 typhoon events are classified into five categories according to the Saffir-Simpson scale for assessing the forecasting ability of the proposed model and JTWC. The result of the classification of the typhoon events are summarized in Table 4 . There are 15, 15, 7, 28, and 18 events in categories 1, 2, 3, 4, and 5, respectively. However, the proposed model performs slightly worse than JTWC in category 1 at the 36 h lead time and in In general, if the water temperature is suitable for a cyclone to develop, the cyclone intensity will keep growing steadily. If the intensification rate of a cyclone is slow, the development of the cyclone is restrained by some adverse environmental conditions or self-regulating structure. However, the proposed model is not able to adjust and respond during these kinds of negative conditions because of no suitable information. Thus, the intensification rate of the cyclone estimated by the proposed model may be sometimes greater than the actual. Besides, when the water temperature is quite warm and environmental conditions are good, the intensification rate of the cyclone may be greater than climatology. Hence, the cyclone intensity can increase to category 4 and 5 in a very short time. Most forecasting models in operation cannot overcome this kind of rapid intensification process. However, the proposed model is able to take the rapid intensification process into account and respond immediately, because the inputs include cyclone intensities at time t and t À Δt 
SUMMARY AND CONCLUSIONS
The cyclone intensity prediction is a complicated problem and hard to be modeled since the cyclone mechanism is highly nonlinear. The major purpose of this study is to tropical cyclone intensity. The proposed modeling technique is expected to be useful for other complex problems with numerous factors. In the future, instead of SVM, other data mining techniques may be tried to examine whether the model performance can be improved.
